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HydroxytyrosolA study is presented on the expression of mitochondrial oxidative phosphorylation complexes in exponentially
growing and serum-starved, quiescent human ﬁbroblast cultures. The functional levels of respiratory complexes
I and III and complex V (adenosine triphosphate (ATP) synthase) were found to be severely depressed in serum-
starved ﬁbroblasts. The depression of oxidative phosphorylation system (OXPHOS) complexes was associated
with reduced levels of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) and
the down-stream nuclear respiratory factor 1 (NRF1) and mitochondrial transcription factors (TFAM). In
serum-starved ﬁbroblasts decrease of the catalytic activity of AMP cyclic dependent protein kinase (PKA) and
phosphorylation of cAMP response element-binding protein (CREB), the transcription coactivator of the
PGC-1α gene, was found. Hydroxytyrosol prevented the decline in the expression of the PGC-1α transcription
cascade of OXPHOS complexes in serum-starved ﬁbroblast cultures. The positive effect of HT was associated
with activation of PKA and CREB phosphorylation. These results show involvement of PKA, CREB and PGC-1α
in the regulation of OXPHOS in cell transition from the replicating to the quiescent state.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Different types of human somatic cells, like ﬁbroblasts and lympho-
cytes, cycle through reversible quiescent and proliferative phases [1]. It
is of central relevance to determine the functional state atwhich house-
keepingmetabolic processes are set up in the quiescent state, so to pre-
serve cell integrity, viability and the capacity to re-enter the replicative
phase when cells are induced to do so. In-vitro ﬁbroblast cultures are
widely used to study cell exit into a reversible quiescent state. For this
purpose ﬁbroblast cultures, in the exponentially growing phase, can
be brought in the quiescent phase by serumwithdrawal from the culti-
vation medium and subsequently reintroduced in the replicating phase
by adding back the serum [2]. If ﬁbroblast culture permanence in therotein kinase B; CREB, cAMP re-
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enter proliferation is, however lost [3].
Previous studies from our laboratory have revealed a marked de-
pression of complex I (NADH-ubiquinone oxidoreductase) of the mito-
chondrial respiratory chain, and increase in the cellular level of reactive
oxygen species (ROS), when human and murine ﬁbroblasts, as well as
different cancer cells are brought from the exponential growth phase
to the quiescent phase by serum starvation [4–6]. Results of recent in-
vestigations have shown that the cAMP/PKA system regulates the func-
tional capacity of respiratory chain complexes inmammalian cells, both
at post-translational [7–10] and transcriptional level [6,11,12]. cAMP
produced in the cytosol by the plasma membrane adenylyl cyclase,
and that produced in the mitochondrial matrix by the bicarbonate-
activated, soluble adenylyl cyclase (sAC) [8,13], contribute to these
effects. All of the factors responsible for reversible cAMP-dependent
protein phosphorylation, such as AKAP, PKA [14,15], protein phospha-
tase(s) [16], sAC [8], and cAMP-phosphodiesterase [17] are also present
in the inner mitochondrial compartment.
In the presentworkwe have analyzed the activity and the expression
level of mitochondrial oxidative phosphorylation (OXPHOS) complexes
in exponentially growing and serum-starved, quiescent ﬁbroblast cul-
tures. The functional level of respiratory complexes I and III and complex
V (ATP synthase) was severely depressed in serum-starved ﬁbroblasts,
with a drop in the rate of ATP production by OXPHOS, but no change in
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sociatedwith reduced level of PGC-1α, themaster transcription factor, as
well as of the down-stream NRF1 and TFAM transcription factors of the
OXPHOS biogenetic cascade [6,18]. In quiescent as compared to
replicating ﬁbroblasts depression of the catalytic activity of PKA and
phosphorylation of CREB, the transcription coactivator of the PGC-1α
gene was found.
It has recently been reported that hydroxytyrosol (HT), a phenol of
olive oil, prolongs the duration of quiescence of human ﬁbroblasts, in
which the capacity to re-enter the proliferative condition is retained
[3]. It has also been observed that HT promotes the PGC-1αmediated
expression of OXPHOS complexes in adipocyte cultures [19]. We show
here that HT prevents the depression in serum-starved ﬁbroblast
cultures of PKA, P-CREB and the PGC-1α transcription cascade of
OXPHOS complexes. These results show involvement of PKA, CREB
and PGC-1α in the regulation of OXPHOS in mammalian cell transition
from the replicating to the quiescent state.
2. Material and methods
2.1. Cell cultures
Neonatal normal human dermal ﬁbroblasts (NHDF-neo, Cambrex
#CC-2509, East Rutherford, NJ, USA) were grown at 37 °C in the expo-
nential phase in high glucose Dulbecco's modiﬁed Eagle's medium
(DMEM, EuroClone) supplemented with 10% fetal bovine serum (FBS)
this condition indicated as SP, plus 2 mM glutamine (Euroclone),
100 IU/ml penicillin (Euroclone) and 100 IU/ml streptomycin
(Euroclone), 5% CO2. In the present work a limited serum starvation of
the ﬁbroblast cultures was adopted: where indicated, once ﬁbroblasts
were at 70% conﬂuence, the medium was replaced with DMEM with
0.5% FBS and cells cultivated for additional hours, this condition indicat-
ed as SS (for other details see [4]). Further speciﬁcations are given in the
legends to ﬁgures.
NHDF-neo cellswere harvested fromPetri disheswith 0.05% trypsin,
0.02% EDTA and pelleted by centrifugation at 500 ×g. The pellet was re-
suspended in PBS plus 0.25 mMphenylmethylsulfonyl ﬂuoride (PMSF).
Cell numbers were counted using an Automated Cell Counter
(Scepter, Millipore). Cell population doubling times were calculated
using the following equation: Td = 0.693 t / ln(Nt / N0) where t is
time in hours, and Nt and N0 represent cell numbers at time t and the
initial time, respectively.
Protein concentrationwas determined using a protein assay kit (Bio-
Rad DC; Hercules, CA, USA).
2.2. H2O2 assay
H2O2 level was determined by the cell permeant probe 2′-7′-
dichlorodihydroﬂuorescin diacetate (H2DCFDA) [20]. Cells were incu-
bated with 10 μM H2DCFDA in DMEM in the dark at 37 °C for 20 min,
collected by trypsinization, washed and resuspended in the assay buffer
(100 mM potassium phosphate, pH 7.4, 2 mMMgCl2). An aliquot was
used for protein determination. The H2O2 dependent oxidation of the
ﬂuorescent probe (507 nm excitation and 530 nm emission wave-
lengths) was measured by a Jasco FP6200 spectroﬂuorimeter.
2.3. Measurement of MnSOD and Cu/ZnSOD activities
MnSOD and Cu/ZnSOD activities were determined by native gel
activity-stain [21]. Fibroblasts were collected by centrifugation and re-
suspended in PBS in the presence of the protease inhibitor
phenylmethanesulfonylﬂuoride (PMSF). Total cellular protein extracts
were prepared by sonicating cell suspensions on ice. Equal amounts of
proteins were separated by native gel-electrophoresis, and SOD activity
was assayed by incubating the gel with nitrobluetetrazolium. MnSOD
was distinguished from cyanide-sensitive Cu/ZnSOD, by the additionof 2 mM cyanide. Band intensity relative to SOD activity was calculated
densitometrically using Quantity One-4.4.1 imaging software (Bio-Rad
Laboratories). Immunoblot analysis of the same samples with antibody
against β-actin was used to verify equal loading.2.4. Mitoplast preparation
NHDF-neo cells were collected by trypsinization, pelleted by centri-
fugation at 500 ×g and resuspended in phosphate-buffered saline,
pH 7.4 (PBS). The cell suspension was exposed for 10 min on ice to
2 mg of digitonin/mg cellular proteins. The mitoplast fraction, obtained
by digitonin cell disruption, was pelleted at 14,000 ×g and resuspended
in PBS.2.5. Enzymatic spectrophotometric assay
Mitoplasts were exposed to ultrasound energy for 15 s at 0 °C. The
NADH-UQ oxidoreductase activity (complex I) was measured in
40 mM potassium phosphate buffer, pH 7.4, 5 mMMgCl2, in the pres-
ence of 3 mM KCN, 1 μg/ml antimycin, 200 μM decylubiquinone,
using 50 μg of mitoplast proteins, by following the oxidation of
100 μM NADH at 340–425 nm (Δε = 6.81 mM−1 cm−1). The activity
was corrected for the residual activity measured in the presence of
1 μg/ml rotenone (see also [4]).
Cytochrome c oxidase (complex IV) activity was measured by
following the oxidation of 10 μM ferrocytochrome c at 550–540 nm
(Δε = 19.1 mM−1 cm−1). Enzymatic activity was measured in
10 mM PBS, using 30 μg mitoplast proteins [22].
Succinate-cytochrome c oxidoreductase (complex II + III) activity
was measured at 550–540 nm (Δε = 19.1 mM−1 cm−1) as initial
rate of cytochrome c reduction. Proteins (100 μg/ml) were incubated
for 10 min in the assay buffer (25 mM potassium phosphate, pH 7.2,
5 mM MgCl2) in the presence of 20 mM succinate, 3 μg/ml rotenone,
2 mM KCN and 65 mΜ decylubiquinone. The reaction, started by the
addition of 20 μM cytochrome c, was corrected for the residual activity
measured in the presence of 2 μg/ml antimycin A.
For citrate synthase activity, 20 μg mitoplast proteins, supple-
mented with 0.5 mM Acetyl CoA and 5′5′ dithiobis-2 nitrobenzoate
(DTNB) were suspended in 100 mM Tris–HCl buffer, pH 8.0. The re-
action was started by the addition of 0.5 mM oxaloacetate and initial
rate was measured following the reduction of DTNB at 419 nm
(Δε = 163 mM−1 cm−1).2.6. Measurement of mitochondrial ATP production rate
The rate of ATP production by oxidative phosphorylation was deter-
mined in digitonin-permeabilized cells, essentially as described in [23].
Brieﬂy, aliquots of trypsinized ﬁbroblasts, washed with PBS, were
suspended in 1 ml of medium consisting of 210 mMmannitol, 70 mM
sucrose, 20 mM Tris/HCl, 5 mM KH2PO4/K2HPO4, (pH 7.4), and 3 mM
MgCl2 in the presence of the ATP detecting system (ATP-ds) consisting
of 2.5 mM glucose, 2 e.u hexokinase (HK), 1 e.u. glucose 6-phosphate
dehydrogenase (G6P-DH) and 0.25 mM NADP+ in the presence of
3 μM rotenone and 5 mM succinate as energy substrate, plus 10 μM
diadenosinepentaphosphate (Ap5A), to inhibit adenylate kinase [24].
After 5 min of incubation with digitonin (30 μg/106 cells) at 37 °C, the
reduction of NADP+ in the extramitochondrial phase, which reveals
ATP formation from externally added ADP (0.5 mM), was monitored
as an increase in absorbance at 340 nm. Care was taken to use
enough HK/G6P-DH coupled enzymes to ensure a non-limiting ADP-
regenerating system for the measurement of ATP production. The rate
of ATP production by Complex Vwas corrected for the residual ATP pro-
duction measured in the presence of 2 μg/mg protein oligomycin.
Fig. 1.Growth curves of NHDFhumanﬁbroblasts. 15,000 cells/well (1500 cells/cm2)were
inoculated in six multiwell plate in DMEM cultivation medium supplemented with 10%
FBS and growth was followed for 48 h, curves 1–4, after which the cultivation medium
was replaced, as indicated by arrow a, with new DMEMwith 10% FBS and growth moni-
tored till 168 h (curve 1), or fresh DMEM with 0.5% FBS (curves 2, 3, 4), plus 1 μM HT in
the case of curve 3. Curves 2, 3, 4: after 120 h cultivation, as indicated by arrow b, the me-
dium was replaced with new DMEM with 10% FBS, plus 5 μM H89 in the case of curve 4,
and growth monitored till 168 h cultivation. The growth curves shown in the ﬁgure are
typical of series (3–4 cultures) for each growth condition. Fibroblast doubling times.
Curve 1, serum supplemented ﬁbroblasts in exponential growth, 30 h; curve 2a, serum
starved ﬁbroblasts, 75 h; curve 3a, serum starved ﬁbroblasts plus 1 μM HT, 80 h; curve
2b, serum supplemented of starved ﬁbroblasts, 51 h; curve 3b, serum supplemented of
starved ﬁbroblasts plus 1 μM HT, 45 h; curve 4b, serum supplemented of starved ﬁbro-
blasts plus H89, 97 h.
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Total cell proteins (50 μg per lane) were separated on 12% (w/v)
SDS–polyacrylamide gel electrophoresis and transferred to nitrocellu-
lose membranes. Separation of oxidative phosphorylation (OXPHOS)
complexes was performed by two dimensional Blue-native/SDS–PAGE
[25]. 80 μg of mitoplast proteins, prepared as described above, were
suspended in 750 mM aminocaproic acid, 50 mM Bis–Tris, 0.5 mM
EDTA, 0.4% (w/v) lauryl maltoside. Proteins were applied on 5–12%
gradient Blue-native gel followed by a 12% 2D SDS–PAGE. After electro-
phoretic separation, proteins were transferred on nitrocellulose
membranes.
2.8. Western blot analysis
The nitrocellulose membranes were treatedwith 5% (w/v) fatty acid
free dry milk in 500 mM NaCl, 20 mM Tris, 0.05% Tween 20 pH 7.4
(TTBS) for 4 h at 4 °C. As speciﬁed in the legends to ﬁgures, membrane
separate samples were incubated overnight at 4 °C with primary anti-
bodies directed against anti-NDUFA9 (39 kDa) (1:500), anti-COXIV
(1:500), anti-Core I (1:1000), anti-βATPasi (1:500) (Invitrogen), anti-
PGC1α (1:1000) (Millipore), anti-NRF1 (1:500) (Abcam), anti-TFAM
(1:500) (GeneTex), anti-CREB (1:1000), anti P-CREB (Ser 133) speciﬁc
against its PKA phosphorylation site (1:1000) (Santa Cruz Biotechnolo-
gy), anti C-PKA (1:1000) (Santa Cruz Biotechnology), anti RII-PKA
(1:1000) (Santa Cruz Biotechnology), anti Acetyl-Histone (AC-H3)
(1:500), anti Histone (1:20,000) (Millipore).
The level of the speciﬁc immunoblotted proteins was normalized by
reprobing the blots with β-actin (Sigma) or GAPDH (AbD Serotec)
monoclonal antibodies. Proteins were detected by chemiluminescent
Lite Ablot reagent (Euroclone) and the signal was quantiﬁed by densito-
metric analysis using Quantity One-4.4.1 imaging software (Bio-Rad
Laboratories).
2.9. Mitochondrial protein synthesis
NHDF-neo cells were grown as described above. Cells were
washed three times with PBS and then supplemented with 30 μCi
[35S]methionine-[35S] cysteine for 2 h, in the presence of 100 μg/ml cy-
cloheximide, in methionine-free DMEM with 10% dialyzed FBS. Cells
were collected by trypsinization and centrifugation, washed twice
with PBS and then resuspended in 50 μl PBS supplemented with the
0.25 mM PMSF. Proteins (50 μg) of sonicated cellular extract were sep-
arated on 12% Tris–Glycine SDS–PAGE. Gels were dried and analyzed by
Personal FX at “Phosphorus Imager” (Bio-Rad). Protein loading was
assessed by immunoblot protein analysis with β-actin monoclonal
antibody.
2.10. Quantitative analysis of mtDNA content
Total genomic DNA was extracted from ﬁbroblasts using the
PureLink® Genomic DNA Mini Kit (Life Technologies) and quantitative
real-time PCR reactions were performed by using the iCycleriQ Real-
Time PCR (Biorad) and the iQ SYBR-Green Supermix (Biorad). The fol-
lowing primers were used: mitochondrial ND1 gene (forward 5′-CCTT
CGCTGACGCCATAAA-3′, reverse 5′-CGGTGATGTAGAGGGTGATG-3′),
mitochondrial Cyt b gene (forward 5′-AGTCCCACCCTCACACGATT-3′,
reverse 5′-TTGTTTGATCCCGTTTCGTG-3′) and nuclear β-actin (forward
5′-TCACCCACACTGTGCCCATCTACGA-3′, reverse 5′-CAGCGGAACCGCTC
ATTGCCAATGG-3′). Triplicate reactions were performed for each target
in a 96-well plate using a two-step ampliﬁcation program consisting in
an initial denaturation at 95 °C for 5 min, followed by 40 cycles of 94 °C
for 15 s and 60 °C for 30 s and default melt curve program. Relative
quantiﬁcation of mtDNA was measured by determining the ratio of
mtDNA target sequences (ND1 and Cyt b) to the nuclear target se-
quence (β-actin) using the comparative threshold cycle (Ct) method.2.11. PKA activity assay
Sonicated cellular extract, 15 μg proteins, was incubated for 15 min
at 30 °C in 50 μl of 10 mM Tris–HCl, pH 7.5, 8 mMMgCl2, 20 mM NaF,
0.25 mM PMSF and 3 μg of oligomycin in the presence of [γ-32P]ATP
(1000 cpm/pmol), 1 μM cAMP, 70 μM ATP and 2.5 μg histone H2B as
substrate. Proteins were then subjected to SDS–PAGE, the gels stained
with Coomassie Blue and dryed. Radioactive protein band of phosphor-
ylated histone (P–H2B) was detected by Personal FX at “phosphorus
imager” (Biorad) and quantiﬁed.
2.12. cAMP assay
For cAMP assay the culturemediumwas aspirated and 1 ml of 0.1 M
HCl was added to the cell layer. After 10 min at 37 °C, the lysed cells
were scraped into Eppendorf tubes. The samples were centrifuged at
1300 ×g for 10 min at 4 °C. The supernatants were used to determine
cAMP concentration using a direct immunoassay kit (Assay Designs)
as described by the manufacturer. Total protein concentration was de-
termined by Biorad protein assay. The cAMP level in the sample was
normalized to the protein concentration and expressed as pmol/mg
protein.
2.13. Statistical methods
All data were analyzed using the Student's t test. Differences were
considered statistically signiﬁcant at p b 0.05.
3. Results
3.1. Serum starvation of ﬁbroblast cultures results in inhibition of OXPHOS
complexes and enhancement of H2O2 level
Serumstarvation of exponentially growingﬁbroblast cultures causes
cell transition in a quiescent state, reversed by adding back the serum
which reintroduces the cells in the replicating phase (Fig. 1). PKA ap-
pears to be involved in the serum-induced re-introduction of ﬁbroblasts
Fig. 2. H2O2 level and MnSOD and Cu/ZnSOD activities in exponentially growing (SP) and in serum-starved (SS) NHDF cell cultures: effect of hydroxytyrosol (HT). Cells seeded in petri
dishes were grown for 48 h in standard culture conditions (DMEM supplemented with 10% FBS). Cells were then cultured for another 72 h as follows: the medium was replaced with
freshly DMEM supplemented with10% FBS (SP) or with DMEM supplemented with 0.5% FBS (SS). Where indicated hydroxytyrosol (HT) and H89 were added in the culture medium.
Panel A: semiquantitative spectroﬂuorimetric determination ofH2O2 level in cell cultures. The bars represent percentage changes ± SEMwith respect to SP control of the relative intensity
of ﬂuorescence units (IF)/mg prot. Panel B: representative “in situ”MnSOD and Cu/ZnSOD activities assay, determined by histochemical staining of native-gels. The histograms represent
the percentage changes ± SEM of MnSOD and Cu/Zn SOD activities given by the ADU of the speciﬁc bands normalized with respect to that of the ADU of the β-actin blot. Panel A:
** p b 0.01 SS vs SP; # p b 0.05 SS + 1 μM HT vs SS. Panel B: * p b 0.05 SS vs SP and SS + 1 μM HT vs SP, (Student's t test). For other details see Section 2.
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by H89 a permeant inhibitor of PKA (Fig. 1, see also ref. [9]). Fibroblast
serum-starvation resulted in a marked increase of the cellular level of
H2O2 (see also ref. [4]), which was associated with enhancement of
the activity of MnSOD and minor activation of Cu/ZnSOD activityFig. 3.Activities ofmitochondrial respiratory chain complexes I, II + III, and IV, rate ofmitochon
(SS) NHDF ﬁbroblasts. Effect of HT. The experimental conditions are those described in Fig. 2 an
iments. ** p b 0.01 SS vs SP;* p b 0.05 SS vs SP; # p b 0.05 SS + 1 μM HT vs SS; ## p b 0.01 S(Fig. 2, see also ref. [26]). The presence of added 1 μM HT during the
serum-starvation of the ﬁbroblast culture, which had no effect on cell
growth (Fig. 1), largely prevented the increase in the H2O2 level,
which remained however the same as in the control SS ﬁbroblasts
when the concentration of HT was raised to10 μM. This likely reﬂectsdrial ATP synthesis and citrate synthase in exponentially growing (SP) and serum-starved
d under Section 2. The bars represent themean values ± SEM of four independent exper-
S + 1 μM HT vs SS (Student's t test). For other details see Section 2.
Fig. 4. Levels of assembled OXPHOS complexes in themitoplast fraction of in exponentially growing (SP) and serum-starved (SS) NHDF ﬁbroblasts. Effect of HT. Panel A: Mitoplasts were
isolated from cells cultivated in standard culture conditions (DMEM supplemented with 10% FBS) (SP) and serum-starved (DMEM supplemented with 0.5% FBS) for 72 h in the absence
(SS) or in the presence of 1 μMHT (SS + HT). TheOXPHOS complexeswere separated by blue-native electrophoresis, followed by separation of the subunits of the complexes by 2D-SDS/
PAGE and transferred to nitrocellulosemembranes for immunodetectionwith antibodies against complex I (39 kDa), complex III (core I), complex IV (cox IV), and complex V (β-ATPase).
Panel B: densitometric semiquantitative analysis of the immunodetected protein bands. The bars represent the percentage changes of ADU ± SEM of three independent experiments. For
other details see Section 2. * p b 0.05 SS vs SP; ** p b 0.01 SS vs SP; # p b 0.05 SS + HT vs SS.
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dant effect of HT [27]. 1 μMHT had no signiﬁcant effect on both SOD ac-
tivities. The prevention by HT of the H2O2 increase in SS ﬁbroblasts was
unaffected by H89.Fig. 5. Protein levels of PGC-1α, NRF1 and TFAM in exponentially growing (SP) and serum-starv
(DMEM supplemented with 10% FBS) (SP), serum-starved (DMEM supplemented with 0.5% FB
lysate proteinswere loadedon 12% SDS–PAGE, transferred to nitrocellulosemembranes and imm
C). Protein loadingwas assessed by reprobing the blots with theβ-actin antibody. The bars repre
SS vs SP; # p b 0.05 SS + HT vs SS (Student's t test). For other details see Section 2.The results presented in Fig. 3 show in serum-starved ﬁbroblast
cultures a marked depression in the activities of complexes I, succinate–
cytochrome c oxidoreductase (complex II, succinate dehydrogenase,
plus Complex III, ubiquinone–cytochrome c oxidoreductase) ased (SS) NHDF ﬁbroblasts. Effect of HT. Cells were cultivated in standard culture conditions
S) for 48 h or 72 h in the absence (SS) or in the presence of 1 μM HT (SS + HT). The cell
unoblottedwith the antibody against PGC-1α (panel A), NRF1 (panel B) and TFAM (panel
sent the percentage changes of ADU ± SEMof three independent experiments. * p b 0.05
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prevented by the presence of 1 μMHT in the serum-starved cultures. At
10 μM, HT, instead of preventing inhibition, caused a further depression
of these complexes (Fig. 3), which can be due to a prooxidant HT effect
at this higher concentration. Serum starvation resulted in a marked de-
pression of the rate of oligomycin sensitive, mitochondrial ATP synthesis,
whichwas largely prevented by the presence of 1 μMHT(Fig. 3). It can be
noted that both serum starvation and 1 μMHT had no effect on the activ-
ity of complex IV (cytochrome c oxidase). Citrate synthase activity was
depressed in serum-starved ﬁbroblast cultures, but HT had no effect on
it (Fig. 3).
3.2. Serum starvation results in depression of assembled complexes I, III and
V levels, which is prevented by HT
Two-dimensional electrophoresis and immunoblottingwith speciﬁc
antibodies against subunits of OXPHOS complexes in the mitochondrial
fraction of ﬁbroblasts, showed in serum-starved ﬁbroblasts, as com-
pared to replicating cells, a depressed level of assembled complexes I,
III and V (F0F1 ATP synthase) (Fig. 4). This depression was, however,
prevented when 1 μM HT was present in the serum-starved cultures
(Fig. 4). Serum starvation and HT had, also in this case, no effect on
complex IV (Fig. 4).
3.3. Serum starvation results in decrease of the level of PGC-1α, NRF1 and
TFAM which is prevented by HT
The depression of the functional level of OXPHOS, in serum-starved
ﬁbroblast cultures and the prevention of this decline by HT, wereFig. 6.Mitochondrial DNA (mtDNA) content and mitochondrial protein synthesis in exponenti
vated in standard culture conditions (DMEM supplemented with 10% FBS) (SP), serum-starved
1 μMHT (SS + HT). Panel A: Total genomic DNAwas extracted from ﬁbroblasts. mtDNA conte
ative quantiﬁcation ofmtDNAwasmeasured by determining the ratio ofmtDNA target sequenc
Panel B: representative pattern of radioactive-labeledmitochondrial proteins. The bars represen
β-actin. The data are the means ± SEM of three independent experiments. * p b 0.05 SS + HTassociated with parallel changes in the level of PGC-1α. The level of
PGC-1α was, in fact, lower in serum-starved ﬁbroblasts, as compared
to replicating cells, and this decrease was completely prevented by
1 μM HT (Fig. 5A). Analysis of the down-stream transcription factors,
whose expression is promoted by PGC-1α [18,28], showed in serum-
starved ﬁbroblast cultures depression of the level of both the nuclear
NRF1 and themitochondrial TFAM transcription factor, their depression
also being prevented by the presence of 1 μM HT in the ﬁbroblast cul-
tures (Fig. 5B and C).
3.4. HT promotes replication and expression of mitochondrial genes
The positive effect exerted by the presence of HT in the serum-
starved ﬁbroblast cultures on the expression level of PGC-1α, NRF1
and TFAMwas accompanied by a promoting effect of HT on the replica-
tion of the mitochondrial genes, ND1 of complex I and cytochrome b
(Fig. 6A) and promotion of the synthesis of mitochondria encoded
subunits of OXPHOS complexes (Fig. 6B).
3.5. Serum starvation results in inhibition of PKA and CREB phosphorylation,
which is prevented by HT
In order to characterize the up-stream factors involved in the down
regulation of the PGC-1α transcription cascade of OXPHOS complexes
in serum-starved ﬁbroblasts and the prevention effect of HT, the activity
and level of PKA, the cellular content of cAMP and the level and phos-
phorylation state of the cAMP response element-binding (CREB) were
directly analyzed. The results show amarked depression of PKA activity
in ﬁbroblasts cultivated in the serum-starved medium, as compared toally growing (SP) and serum-starved (SS) NHDF ﬁbroblasts. Effect of HT. Cells were culti-
(DMEM supplemented with 0.5% FBS) for 72 h in the absence (SS) or in the presence of
nt was assayed using real-time PCR. TwomtDNAmarkers (ND1 and Cyt b) were used. Rel-
es to the nuclear target sequence (β-actin). The bars represent percentage changes ± SEM.
t the percentage changes of ADU of the radioactivity total lane normalizedwith respect to
vs SP. For other details see Section 2.
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depression of PKA activity in the serum-starved cells was completely
prevented by the presence of 1 μM HT in the culture. Fibroblasts kept
for 72 h in the serum-starved conditions did not present any signiﬁcant
difference in the level of cAMP, as compared to replicating cells (Fig. 7B).
Under these conditions the level of cAMP was unchanged by the
presence of HT in the culture. Serum starvation and HT had no effect
on the cellular level of both the regulatory and catalytic subunits of
PKA (Fig. 7C). In serum-starved ﬁbroblast cultures decrease in theFig. 7. PKA activity, cAMP levels, catalytic and regulatory subunits of PKA, CREB, P-CREB and ac
Effect of HT. Cells were cultivated in standard culture conditions (DMEM supplementedwith 10
or in the presence of 1 μMHT (SS + HT). Panel A: The activity of PKAwas assayed by 32P radioa
under Section 2. The bars represent the percentage changes ± SEMof P-H2B/H2BADU ratio. Pa
of cellular extracts were loaded on 12% SDS–PAGE and transferred to nitrocellulose membranes
(C-PKA) and regulatory (RII-PKA) subunits of PKA. TheADU of proteins immunorevealed by C-P
percentage changes of ADU ± SEM of three independent experiments. Panel D: the nitrocellulo
represent thepercentage changes ± SEMof the P-CREB/CREBADU ratio. Panel E: representative
ylated histone 3 (H3). The bars represent the percentage changes ± SEM of AC-H3/H3 ADU ra
Section 2.phosphorylation state of CREB was found (Fig. 7D). The presence of
HT in the culture had no effect on the content of CREB but completely
prevented the decrease of CREB phosphorylation (Fig. 7D).
Direct measurements showed a signiﬁcant increase of histone
deacetylase activity in serum-starved as compared to replicating ﬁbro-
blasts, which was further enhanced by the presence of 1 μM HT in the
cultivation medium (Fig. 7E).
The results presented in Fig. 8 show that the presence in the serum-
starved ﬁbroblast culture of H89 caused a marked depression of CREBetylated histone in exponentially growing (SP) and serum-starved (SS) NHDF ﬁbroblasts.
% FBS) (SP), serum-starved (DMEM supplementedwith 0.5% FBS) for 72 h in absence (SS)
ctive determination of phosphorylation, in sonicated extracts, of histone H2B as described
nel B: cAMP levelswere determined in total cellular extract. Panels C, D, and E: the proteins
. Panel C: the nitrocellulose membranes were treated with antibodies against the catalytic
KA and RII-PKA antibodieswere normalizedwith respect to β-actin. The bars represent the
semembranes were treated with antibodies against, CREB and P-CREB (Ser 133). The bars
immunoblotting and densitometric analysis of acetylatedhistone3 (AC-H3) andnon acet-
tio. * p b 0.05 SS vs SP; # p b 0.05 SS + HT vs SS, (Student's t test). For further details see
Fig. 8.H89 abolishes the prevention effect exerted by HT on the depression of CREB phosphorylation and PGC-1α protein expression in serum-starved ﬁbroblast cultures. Cells were cul-
tivated in standard culture conditions (DMEM supplementedwith 10% FBS) (SP), serum-starved (DMEM supplementedwith 0.5% FBS) for 48 or 72 h in absence (SS) or in the presence of
1 μM HT. Where indicated 100 nM H89 was also added in the ﬁbroblast culture. The cell lysate proteins were loaded on 12% SDS-PAGE, transferred to nitrocellulose membranes and
immunoblotted with the antibodies against P-CREB, CREB, PGC-1α and β-actin. The bars represent the percentage changes of ADU ± SEM of six independent experiments. * p b 0.05
SS vs SP; # p b 0.05 SS + 1 μM HT vs SS (Student's t test). For other details see Section 2.
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the depression of CREB phosphorylation and PGC-1α expression in
serum-starved ﬁbroblasts.
4. Discussion
The present work shows that in serum-starved, quiescent ﬁbroblast
cultures the functional level of OXPHOS complexes is expressed at a sig-
niﬁcantly lower level as compared to that displayed by replicating cells,
which clearly have a higher ATP requirement for net protein synthesis,
DNA replication and de-novo cell biogenesis [29]. The OXPHOS depres-
sion in serum-starved ﬁbroblasts is evidently due to cell deprivation of
serum factors which activate cellular signal transduction pathways in-
volved in promotion of cell growth and biogenesis of essential cellular
systems, in particular the mitochondrial respiratory and ATP synthesis
system. At the same time the high reduction pressure exerted on the
respiratory chain by glycolysis [30] and fatty acid oxidation [31], will
contribute to generation of oxygen free radicals. It has to be recalled
that complex I of the respiratory chain, besides being the major
mitochondrial producer of ROS [4,10], is itself particularly vulnerable
to oxidative stress [10], this setting up a vicious cycle [4,32].
Serum-starved ﬁbroblasts showed reduced activities of complexes I
and II + III, and depressed rate of mitochondrial ATP synthesis, as com-
pared to cells in the replicating phase, but no reduction in the activity of
complex IV occurred. The reduction in serum-starved ﬁbroblasts of the
activity of complexes I and II + III was associated with a depression in
the level of assembled complexes I and III as well as of complex V in
the inner mitochondrial membrane, which was prevented by thepresence of 1 μMHT in the cultivation medium. Under the same condi-
tions, and as found for the activity, no change in the level of the assem-
bled complex IV, was observed. This may reﬂect a higher threshold
reserve in ﬁbroblasts of transcript levels and/or of the translation of
complex IV, as compared to the other OXPHOS complexes. Of relevance
in this respect may also be the ﬁnding that the functional capacity of
cytocrome c oxidase is selectively promoted by the intramitochondrial
pool of cAMP [8], at difference of complex I which is regulated both by
the cytosolic and the mitochondrial cAMP pools [6].
The depression of the OXPHOS complexes in serum-starved ﬁbro-
blasts was associated with reduction in the protein level of PGC-1α
and of the downstream NRF1 and TFAM transcription factors of mito-
chondrial biogenesis.
All together these ﬁndings show that in the transition from the
replicating to the quiescent state a decline in the PGC-1α transcription
cascade of OXPHOS complexes occurs.
The present work shows also that the presence of HT in the serum-
starved ﬁbroblast culture prevents the decline in the expression and ac-
tivity of OXPHOS complexes I, III and V, aswell as the decline in the level
of the protein level of PGC-1α, NRF1 and TFAM. HT exerted also a pro-
moting effect on replication of mitochondrial genes and biosynthesis
of subunits of OXPHOS complexes encoded by mtDNA, processes
which are both controlled by TFAM [33].
The analysis of the upstream factors involved in the down regulation
of the PGC-1α transcription cascade of OXPHOS complexes, taking place
upon serum starvation of ﬁbroblast cultures, reveals a critical involve-
ment of PKA and CREB, a transcription coactivator of the PGC-1α gene
[11]. In the serum starved ﬁbroblast cultures a marked depression in
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compared to replicating ﬁbroblasts. HT prevented this depression of
PKA activity and CREB phosphorylation.
The presence of H89 in the serum starved ﬁbroblast cultures caused
a marked depression in the phosphorylation of CREB and abolished the
prevention effect exerted by HT on the depression of CREB phosphory-
lation and PGC-1α expression in serum-starved ﬁbroblasts.
It can be noted that after the 72 hour serum starvation of ﬁbroblast
cultures no change in the level of the catalytic and regulatory subunits
of PKA and in the level of cAMPwas detectable. FurthermoreHT supple-
mentation of the serum-starved ﬁbroblasts had no effect on the protein
level of C-PKA, R-PKA and cAMP, under conditions inwhich it prevented
the decline in PKA activity, CREB phosphorylation and the PGC-1α tran-
scription cascade of OXPHOS complexes. Furtherwork is needed to clar-
ify themechanism bywhich HT prevents the depression of the catalytic
activity of PKA. Ryu et al. [34] have presented evidence showing that an-
tioxidants activate PKA and phosphorylation of CREB. Humphries et al.
[35] have shown that PKA can be inhibited by oxidation of cysteine
199 of its catalytic subunit, followed by intra/intermolecular disulﬁde
bonds, in particular glutathionylation. Our ﬁnding that HT promotes
PKA activity, PKA mediated CREB phosphorylation and transcription of
OXPHOS complexes only at the concentration (1 μM) atwhich it lowers
the level of H2O2 (this antioxidant activity was unaffected by H89), fa-
vors the possibility that HT prevents oxidative inhibition of PKA. Our
ﬁndings don't, however, exclude the possibility that alsoAKT is involved
in the depression of CREB phosphorylation in starvedﬁbroblasts and the
positive effect exerted byHT. Barbosa et al. [31] have, in fact, shown that
a condition leading to elevated H2O2 production in rat primary muscle
cell cultures, like palmitic acid oxidation, results in a depression of
PGC-1α transcription, this appearing to be consequent to inhibition of
CREB phosphorylation by AKT. These authors found also that the
depression of PGC-1α transcription was reversed when H2O2 was
scavenged by catalase overexpression [31].
Upon phosphorylation by PKA, the cAMP response element (CREB)
is known to activate PGC-1α expression [6,11], which in turn promotes
the expression of downstream nuclear and mitochondrial transcription
factors [28]. In human umbilical vein, endothelial cells (UVEC)
citostazol, a drug used in the treatment of human vascular disorders,
which is a selective inhibitor of phosphodiesterase(s), has been found
to promote, through activation of the PKA/P-CREB system, the expres-
sion of PGC-1α and of the downstream NRF1 and TFAM transcription
factors [12]. In addition to the nucleus, CREB has also been found inside
mitochondria, where it binds to the mitochondrial D-loop [34] and in-
duces, when phosphorylated by PKA, the expression of mitochondrial
encoded structural subunits of OXPHOS complexes [36] in particular
the seven genes of complex I [37]. This positive effect of mitochondrial
PKA, which was found to be activated by the antioxidant iron chelator
deferoxamine [34], is apparently also promoted by HT.
The transcriptional activity of PGC-1α is promoted by sirtuin-1medi-
ated deacetylation of the PGC-1α protein [38]. PKA also phosphorylates
sirtuin and this has been shown to promote its deacetylase activity
[39,40]. Serum-starved ﬁbroblasts exhibited, under the conditions in
which the level of assembled functional OXPHOS complexes was mark-
edly depressed, a signiﬁcant activation of the overall histone deacetylase
activity. This might represent an insufﬁcient feed-back response of
sirtuin(s) to compensate for the depressed expression of PGC-1α [11].
HT exerted further stimulation of the ﬁbroblast deacetylase activity.
Activation by HT of the expression of the PGC-1α, NRF1 and TFAM
transcription factors has also been observed in adipocyte cultures, in
which the phenol stimulated fatty acid oxidation [19]. These positive
effects exerted by HT can contribute to its activity in extending the du-
ration of the quiescence state of ﬁbroblasts in which the cell capacity to
re-enter the proliferative condition is retained [3].
Lim et al. [40] have recently shown that in C2C12 differentiated
myoblast cultures and primary murine myotubes, monounsaturated
oleic acid exerts a speciﬁc promoting effect on the transcriptionalactivity of PGC-1α and fatty acid oxidation. This oleic acid effect was
shown to involve activation of PKA, PKA-mediated phosphorylation of
sirtuin-1, and sirtuin-mediated deacetylation of PGC-1α [40]. A positive
effect of oleic acid on the expression of PGC-1α has, also, been shown
[41,42]. Thus oleic acid, themain fatty acid of olive oil, and HT, a pheno-
lic component of this oil, can act synergistically in promoting oxidation
of cellular fatty acids, and enhancing, at the same time, the capacity of
the OXPHOS system to use the energy so released in the production of
ATP.
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